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1 INTRODUCTION 2
1 Introduction
This project regards the design of the support system to be used into the PS
solenoid transfer line; this solenoid is one of four magnets that have been de-
signed to be used into the Mu2e project at Fermi National Accelerator Labora-
tory.
The transfer line is a conduit to route the cooling and powering system form
the feed boxes to the magnet. The pipeline route has already been decided and
it is shown in figure 1.
Figure 1: PS solenoid tranfer line path
The transfer line contains several components:
• Six pipes, responsible of conveying the refrigerating fluids. They are the
magnet line, the bus line and the nitrogen line, everyone composed by a
supply and a return pipe. They have different diameter but they are all
made of aluminum Al6061. Four of them convey liquid helium, having a
temperature between 5.5 and 4.7 K (it depends on the pipe). The other
two tubes are the liquid nitrogen supply and return lines, with a fluid
temperature respectively equal to 80 and 85 K.
• A superconductor cable, whose purpose is transferring the power from the
feedbox to the magnet. This lead has a rectangular cross section and its
material properties can be approximated with the aluminum’s ones. This
cable must be in contact with the liquid helium bus supply pipe, which is
responsible of cooling the lead down.
• A circular outer vessel, who encloses all these components along the line;
this vessel is made of stainless steel 316L. In order to remove any convec-
tive heat transfer, the whole transfer line inside the vessel will be evacu-
ated.
• A radiation thermal shield. In order to reduce the heat load to the cooling
pipes inside the transfer line, there will be a thermal shield to intercept
the radiation heat transfer from the warm vessel. The shield is shaped
like a pipe having a diameter smaller than the vessel. Its temperature
must be between 80 and 90 K and it must be reached using the two ni-
trogen pipes described before; in fact, these pair of tubes are responsible
of cooling the thermal shield down. The thermal shield is to be made of
aluminum.
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2 Cross sectional support design
The first step of the project was studying the cross sectional layout of the trans-
fer line and then designing a structure capable of holding all the components
together. We can summarize the support’s duties as follow:
• The support must be capable of keeping held together all the six pipes, the
superconductor and the thermal shield structure and connect everything
to the outer vessel, that covers all the transfer line. For this purpose is
important to state that the pair of Ni tubes must be welded to the thermal
shield to achieve the desired thermal conductivity between these three
bodies.
• The disposition of the six pipes and the support design must minimize the
heat load on the supply line for magnets and on the bus supply line for
the lead.
• The temperature of the thermal shield should be between 80 and 90 K ev-
erywhere; for this reason the disposition of the two liquid Nitrogen pipes
must be evaluated carefully to get this task.
• All the parts designed should be developed considering Design for Manu-
facturing criteria to contain as much as possible the cost of the support.
The first step, necessary to estimate the structural loads acting on the sin-
gle support, is quantifying the number of support to be used along the line.
Focusing the argument on the longest line spot, which is around 12 meters
long, the task was quantifying the number of support necessary to restrain the
maximum vertical displacement under 1 mm for every pipe inside he transfer
line. The model used to estimate the displacement is shown in figure 2.
Figure 2: Sketch of the continuous beam model used to quantifying the dis-
placement once the number of supports along the longest spot in known
The choice of the number of supports affects both the model and the value
of parameter D; L means the spot length and q is the pressure load acting
on the beam due to the gravity, which is the only structural load. The right
compromise has been found using seven supports along this longest spot, one
every 2095 mm. This layout restrains the maximum displacement under 1 mm
and allows to quantify structural loads acting on the support structure.
Once the structural actions on the support are known, the design of this
structure can start. Reminding the list of requirements listed before, the first
and the most important one regards the thermal behavior. Then, the structure
layout has been developed with this purpose of reducing the heat load on these
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two pipes, but its structure has been kept as similar as possible to a previ-
ously designed one, that resulted particularly cheap. The designed structure is
shown in figure 3.
Figure 3: Cross sectional support structure. In this figure pipe #1 is the magnet
supply line, #2 is the bus supply line, #3 is the magnet return line, #4 is the
bus return line, #5 is he nitrogen supply line and #6 is the nitrogen return line
From figure 3 we can see the pair of target pipe (#1 and #2) has been placed
almost in the center of a H-shaped structure and enclosed in the central part of
the structure between the pair of return pipes (#3 and #4); these last two pipes
work as conduction shield for the target ones. In fact, the environment inside
the vessel is expected to be evacuated in order to remove the convective heat
exchange. As far as the radiation exchange concerns, it has been estimated
(in concordance with the technical management) generally some order of mag-
nitude smaller than the general conductive heat transfer amount. For these
reasons, in the proximity of the support the heat is exchanged in a conductive
way and so the best way for limiting the heat load on the target pipes is limit-
ing the conduction; indeed, the placement of pipes #3 and #4 has been studied
to achieve this purpose.
The H-shaped structure has been chosen to reproduce an old version of this
support which was considered cheap and so to try to keep this desired feature
also for the new support.
All the dimension involves in the layout shown in figure 3 has been chosen
considering their effect on the thermal behavior of the structure. This behavior
has been evaluated considering the Fourier law, which describes the conduction
through a material, and trying to understand the effect of every single dimen-
sion from the law; then, this effect has been quantified simulating the structure
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behavior with a FEM program. The simulations performed were steady ther-
mal analyses which consider the only conductive heat exchange through the
bodies. The model was always a solid one, made using 3D brick elements; the
convergence of every simulation has always been searched on the total heat
load on both target pipes. Once the effect that every parameter value has on
the total heat load on target pipes was quantified, the central part of the struc-
ture was adjusted to guarantee a minimum clearance between all the adjacent
pipes of 19 mm; this clearance is important both for pipes manufacturability
reasons and bellows usage.
The U-shaped part that houses the superconductor and the bus supply pipe
is separated from the main central part to simplify the assembly of the support
around the pipes; it is to be connected with the main central parts with two
screws.
The central parts that house the coldest pipes (from #1 to #4) are made of
G10 which is a fiberglass whose usage is pretty widespread in cryogenic prac-
tices. In fact, it a good thermal insulator, it is characterized by a small CTE1
and contemporary by pretty good mechanical properties; last but not least, this
material is commercially available in plates having various thicknesses. In
figure 3 all the parts to be made of G10 are colored in green.
All the pipes are constrained in the radial direction but they are free to
move in the axial one. The radial constraints has been obtained with the usage
of three clamps, shown in grey in figure 3. These clamps restraint the pipes also
in the direction which is opposite to the gravity one. They have been sized using
a plastic limit analysis and so quantifying the thickness which guarantees a
certain strength without a plastic collapse on theses bodies. They have been
connected with the central part with a series of screws.
The pair of rods connected with the central part has been sized resolving
the tradeoff between the required low heat flux through themselves and the
necessary structure stiffness. They are fixed on the central part using two
screws for every rod.
Then the rods are connected with the thermal shield with four interfaces,
to be made of aluminum Al6061, which fully constrains the structure on the
shield. These interfaces have a different shape between themselves to permit
the assembly of the support. These parts are connected with the rods with a
pin and with the shield with two bolts (or screws depending on the interface
type).
The interfaces between the shield and the outer vessel are shaped in the
manner shown in figure 3 for some reasons. First of all, they create a con-
straint system that can be modeled as a single support (of the support respect
to the vessel). This restraint is important to avoid huge thermal contraction
structural effects, which would be obviously present considering the imposed
thermal gradient if the structure was too much over constrained. Then, this
shape with the round end limits as much as possible the surface in contact
with the vessel and then the surface which the heat could flow through. Last
but not least, these interfaces allow the support to slide into the vessel once its
assembly it is completed. This part are to be made of G10 to limit the heal flux
through themselves.
1Acronym for Coefficient of Thermal Expansion
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The nitrogen pipes placement has been studied to guarantee the respect of
the thermal shield requirement. Their position has been analyzed as well as
all the other parts behavior simulating the structure.
With this layout the support respects every requirement previously imposed
on it and generates a total conductive heat load on target pipes equal to 5.5
mW ; this value, compared with the support previous versions, has been con-
sidered an outstanding result from the Lab technical management.
Once the structure has been developed to reach the desired thermal perfor-
mances, the structural analysis has been carried out. The main loads acting on
the structure are the loads generated by the pipe weight and the actions gen-
erated by the thermal contraction. The pipe weight is equilibrated by a force
reaction generated by the support; this reaction has been calculated whit the
models shown in figure 2. As far as the thermal contraction concerns, the sup-
port design shown in figure 3 has been studied to limit these loads. Indeed, the
support is only propped on the vessel and not fully constrained of it and this
skill avoids the generation of a significant loading condition; with this config-
uration, the rod is fully fixed only on the thermal shield whose radial stiffness
is not big enough to prevent the rods shrinkage. Anyway, there are some parts,
for example the central parts and the rods, which are fully fixed each other and
so the thermal contraction cannot be neglected for these bodies.
These structural calculations have been first made by hands, simplifying
the structure and using simple beam models, whit the purpose of estimating
structural constraint reactions as well as stress statuses in the critical points
of various parts. Also the connections (the pine and various flanges) have been
verified using the structural forces and moments calculated with the simplified
model.
Then, the whole support structure has been simulated with a FEM soft-
ware. From the static simulation, which uses the same 3D model used before
for the steady thermal analysis, we estimated stress values in the critical point
of every part involved in the design, without using the approximations neces-
sary to develop the simplified analytical model.
Anyway, at the end of the structural analysis, all the parts involved in the
design are widely verified and so the supporting structure design can be con-
sidered concluded. The designed support, already analyzed and definitively ap-
proved by the Fermilab Technical Division, it is to be manufactured as shown
in figure 3 when it will be necessary. This design has been considered an out-
standing result for the combination of extremely low heat load on target pipes
and for its affordability; in fact, due to Fermilab Procurement Office costing
analysis, this support version will result around a 40% less expensive than the
last previous version.
3 Cooling modes and thermal contraction analysis
The next project step has been the thermal contraction analysis. To analyze the
thermal contraction effects it is necessary to know the system cooling modes,
which are the manners the line is cooled down.
For the whole thermal contraction analysis, the technical management sug-
gestion was to study this phenomenon for the longest pipe line spot, the one
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around 12 meters long. Once the longest line spot, which is obviously the most
problematic for the thermal contraction issue, has been studied and structured
to solve the problem, the other line spots can be built in the same way or at least
in a similar one. This is the normal approach used at the Lab with this kind of
liquid helium transfer lines, which often present a long, curved path, composed
by several spots having different lengths. All the process act to develop the
system responsible of avoiding failures generated by thermal contraction has
been carried out following the technical management suggestions and trying to
structure it similar to previous transfer lines’ ones.
The first cooling modes is the refrigeration of the thermal shield; so, the
liquid nitrogen starts to flow in both pipes (#5 and #6 in figure 3) while the rest
of the line is warm. This cooling mode would produce a high stress status (over
the yield point of the material the shield is made of) if the pipe constraints
system was not ad-hoc developed. The developed structure is shown in figure
42. The shield is to be built in two different pipe spots, each one constrained
at its end, in the proximity of the elbow; this way every thermal shield spot
is free to shrink in the elbow direction when it is cooled down. Reminding
the shield purpose, it is easy to understand the pipes inside the transfer line
must be covered by it all along the line. To allow the shield contraction and
contemporary guarantee the total coverage of cold pipes inside the line, an
overlapped structure has been thought; this way the two thermal shield halves
shrink without leaving any part of the line uncovered and so exposed to a bigger
radiation heat load.
Figure 4: Thermal shield solution against contraction; in picture a is shown
the spot structure with the first cooling mode schematic representation, while
in picture b is shown a zoom view of the shield overlapped part
In figure 4a are shown the first cooling mode effects; in this picture red ar-
rows indicate the supports’ movements (and so the shield spots’ ones too) dur-
ing this cooling mode. The shield spots, thanks to the given structure, shrink
approaching to the elbows and every spot pulls the supports, which are an-
chored on itself, with it in this motion. This sliding motion comes about while
the pipes and the vessel are steady. This relative motion generates a series of
structural actions on parts involved in the process. There is sliding frictional
force between every pipe and the central part of the support which houses the
tubes. There is another friction reaction between every round interface which
2Inside the line in figure 4a is represented only one pipe
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connects the vessel and the thermal shield. These actions are particularly lim-
ited in magnitude and their effect has been quantified and analyzed, concluding
with the certainty they will not create any problem during the line operativity.
In figure 4b is shown a zoom view of the overlapped part in the thermal
shield; its design must guarantee total coverage once the thermal shield con-
tracts. So considering this issue, the overlapped part must be longer than the
spot contraction.
Once the thermal shield has reached its operative temperature between 80
and 90 K, the second cooling mode is generated by the Helium flow in the
dedicated pipes inside the line. The pipes’ temperature decreases until around
5 K and this issue generates a huge shrinkage in these tubes. Still considering
the longest line spot, this contraction is bigger than 50 mm for every helium
pipe. Provided this value and the limited space inside the line, the thermal
contraction problem is to be solved using a system of expansion joints. This is
the common practice fot the liquid helium transfer line.
In this transfer line there were six pipes that needed a solution against
the thermal contraction. For the pair of magnet lines and for the bus return
(pipe #1,#3 and #4) there was not any problem against the usage of a bellow.
The pair of nitrogen pipe is in contact with the thermal shield so there was
not space to place the joint; anyway, their expansion joints could be placed
under the thermal shield overlapped part shown in figure 4b, where the contact
between shield and pipes is interrupted and there is enough space to insert a
bellow. The bus supply line is in contact with the superconductor all along the
transfer line; considering the thermal contraction problem must be solved for
the superconductor too and naturally the usage of a bellow is not suitable for
the cable, the idea for this pair of bodies is using the same practice to prevent
contraction caused damages. This solution will consist in a sort of expansion
loop, to be realized in correspondence of the elbow at one of the spot ends.
Provided those information, for five of six pipes contained into the transfer
line should be developed a bellow system like the one shown in figure 5.
Figure 5: Expansion joint system, where MA indicate a main anchor and Gi an
alignment guide
All the bellows design respects the Expansion Joint Manufacturers Associa-
tion standards. The bellows design has been carried out using the Microsoft Ex-
cel Solve ®tool, which allows the optimization of a function once a constraints
system has been written down. Considering that, during the normal line op-
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erations, the only force generated by the bellows that will act on the support
is the spring one, the goal of the bellows design was minimizing this action;
knowing that this force depends by the bellow axial stiffness, usually named
bellow spring rate, all the bellows to be used in this transfer line have been
designed minimizing the axial spring rate, with the purpose of reducing as
much as possible the loads acting on the supports. The constraints system
cited above is composed by several condition, for example the designed bellows
must have the required strength features to resist under the stresses generated
by internal pipe pressure and displacement; another fundamental constraint is
the imposed minimum clearance between a bellow and the next adjacent pipe.
There are a lot of other constraining conditions that are not reported here but
which are widely described in the thesis report.
In figure 6 is shown the expansion joints placement and the thermal shield
structure. From this picture we could see that four of five bellows are placed
under the overlapped section of the shield; this placement has been chosen to
permit the usage of bellows also for the pair of liquid nitrogen pipes (the grey
pipes in figure 6). On the other end, the magnet supply pipe bellow (the red
pipe in figure 6) has been shifted respect to the others to increase the radial
clearance between this pipe and the pair of bellows relative to the magnet and
bus return lines (respectively the cyan and the blue pipe in figure 6); naturally
this relative shift is an advantage also for the clearance between the magnet
supply bellow and the other pipes. With this placement and the designed bel-
lows the minimum clearance inside the line is big enough to guarantee the
correct way of operating of the transfer line.
Provided this placement, the overlapped part of the thermal shield has been
adjusted to allow this configuration and at the same time guarantee the line
coverage also after the thermal shield shrinkage.
In figure 5 it can be observed that a series of alignment guides (indicated
with G1, G2 and G) is necessary to reach the recommended practice in fact of
bellows usage. These alignment guide duties can be performed by the support
described in section 2 and shown in figure 3; indeed, this structure respect ev-
ery requirements reported in EJMA3 standards. There are several rules to re-
spect about the alignment guides placement. The most important one regards
the distance between two in row supports; in fact, depending on the number
of alignment guide we are considering (number that means the position of the
alignment guide respect to the bellow), there is a maximum allowable value
for this distance. This value depends, in addition to the number of the support
we are considering, by the pipe inner diameter and by the bellow geometric
characteristics. The proposed supports placement for this transfer line respect
these distance requirements as well as all the others listed in EJMA standards.
The last transfer line component that must be developed is the main anchor;
in fact, as shown in figure 5, a main anchor is required at both line spot end.
This main anchor must behave as fully fixed support to the pipes respect to the
outer vessel. Considering the critical loading condition for the main anchor, it
has been observed that the resultant force value is not particularly high and so
it is not required a definitely strong structure for the main anchoring support.
Considering this issue, the idea was using the same layout used for the align-
3Acronyms that means Expansion Joint Manufacturers Association
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Figure 6: Section view of the transfer line showing a thermal shield part and
the bellow system
ment support previously designed and shown in figure 3 increasing the parts’
thickness; then this support is constrained to the thermal shield which must
be fully anchored on the vessel. A sketch of the developed solution is shown
in figure 7a. In this figure we can see the support which is simply propped on
the vessel and fully constrained on the shield; then the thermal shield is fully
fixed on the outer vessel using a stainless steel made ring, welded on the vessel
itself, and a flange which fastens the ring and the shield. As far as pipes axial
restraints concern, they must be constrained in this direction respect to the
main anchoring support. In figure 7b is shown the system of aluminum made
rings and clamps which are responsible of fully constrain the pipes respect
to the support structure. These rings are welded on the pipes. All the parts
involved in this structure have been sized using conservative handmade calcu-
lations, using a mix of beam and plate structural models; then the structurab
behavior has been stested using some FEM simulations. Also the materials
used are the same employee in the alignment support described in section 2.
Figure 7: Figure representing a a sketch with the main anchoring structure
layout and b the pipes axial constraining system
Even in this configuration, the thermal shield temperature must be com-
prised between 80 and 90 K. If the shield was directly connected with the
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stainless steel ring as shown in figure 7, the heat load from the vessel to the
shield would be too big and the temperature requirements could not be satis-
fied. This problem has been solved interposing between the ring and the shield
six G10 made spacers, one for every flange bolt, which behave as thermal insu-
lator and reduce the heat that flows from the vessel to the shield. These spacers
have been sized to withstand under the bolt precompression force, which is sev-
eral order of magnitude bigger than all the other forces acting on the structure.
This solution is shown in the exploded view in figure 8.
Figure 8: Section view of the transfer line showing a thermal shield part and
the bellow system
Using this solution, the thermal shield respects the temperature require-
ments. In this configuration, the total heat load on both target pipes is equal to
10.2 mW , that is twice the value obtained for the alignment support described
in section 2 and it can be considered a great result too, considering only two
main anchoring support are to be used in the longest tranfer line spot.
One project further development is the design of the loop expansion joint for
the superconductor and the bus supply line pipe too; this practice has not been
developed because the Lab is still testing the superconductor behavior under
some deformative statuses, with the goal of modeling this and so being able to
understand the joint’s effect on its superconductivity.
Another further development is the full line layout definition; the 4 meters
long spot (the second in order of length) can be easily developed in a totally
similar way to the longest one. For the other spots, which are much shorter
than the 12 meters long one, there is every likelihood the line flexibly can be
used; indeed, in spite of the longest spot pipes contraction, which is around
equal to 50 mm, in these spots the shrinkage has the order of magnitude of
some millimeters. So the main idea is to use the line flexibility to avoid the
generation of high stress statuses in the pipes. This solution has not been
developed only for shortage of time.
Summarizing, the Ps solenoid tranfer line has been almost completely de-
veloped, achieving results in the combination of heat load reduction and af-
fordability that has been judged as excellent by the Fermilab technical man-
agement.
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